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THE MULTIPLE OUTER PLANET MISSION (GRAND TOUR)

SUMMARY

The Multiple Outer Planet Mission (Grand Tour) is
possible in the late 1970's because of an unusual alignment
of the outer planets. Such an alignment will not reoccur for
some one hundred seventy-nine years. From its initial con-
ception the mission appeared potentially rewarding, but many
unknowns were associated with it and there were many questions
which had not been answered. Accordingly, the Astro Sciences
Center of IIT Research Institute undertook a study of the
major problem areas associated with the Grand Tour mission in
order to further verify the mission concept and to proviée a
background for later Phase A study.

The specific aims of the study were:

1. To determine the guidance requirements to
perform the migsion,

2. To identify the scientific commonality between
the planets Jupiter, Saturn, Uranus, Neptune,

3. To define "minimm"” and "representative"
scientific payloads, and

4, To estimate the launch vehicle requirements to
perform the mission.
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Trajectory opportunities for the Grand Tour exist
from 1976 through 1980. The 1976 opportunity requires a high
risk penetration of the Jovian radiation belts, in order to
achieve adequate gravitational deflection, Since later
opportunities relax this constraint, the 1976 opportunity has
not been considered in detail. The 1977 and 1978 opportunit-
ies are the most acceptable in terms of planet miss distances,
characteristic velocity, and time of flight. These were
examined in detail and the results used as inputs to the
guidance and scientific experiment analyses. The 1979 and
1980 opportunities pass very far from Jupiter (greater than
30 radii) which reduces the significance of Jupiter in the
mission concept. These opportunities also have relatively
high launch energy requirements and were not considered in
further 'detail.

The most critical planetary intercept profile is at
Saturn, the miss distance being generally of the same order
as the radius of its rings. A cursory study of the possible
collision rates in the rings made it advisable not to permit
direct penetration of the rings by the spacecraft. At each
of the 1977 and 1978 opportunities, mission profiles that
pass entirely outside the rings (exterior) and that pass
between planet surface and the lower edge of the rings
(interior) have been considered. These are designated the

1977 E, and 1977 I, 1978 E, and 1978 I missions. Once a
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Saturn profile had been selected, the profiles at each of the

other gravity assist planets were essentially fixed. The

major trajectory parameters for the selected opportunities are

shown in Table S-1,

(~mig

Table S~-1

L=

TRAJECTORY PARAMETERS FOR GRAND TOUR

, 1977 E 1977 1 1978 E 1978 E
2 Launch Date Sept 1977 Sept 1977 Oct 1978 Oct 1978
%’ Ideal Velocity ft/sec
Center of Window 51,900 54,400 53,200 56,200
§~ 20 Day Launch Window 52,700 55,200 54,200 57,100
Time of Flight (yrs)

i Jupiter 1.87 1.40 1.60 1.28
N Saturn 3.98 2,98 3.36 2.53
Uranus 8.40 6.37 7.53 5.71

. Neptune 11.94 9.05 11.00 8.32

The guidance requirements were established for each

- of the selected trajectories. Guidance maneuvers were speci-

g? fied on both approach and departure at each swingby planet to
correct for three major errors:

i §

5
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a, the AV execution error from the previous
maneuver

b. orbit determination errors

¢. planet ephemeris errors
Because e¢ach swingby effectiwvely magnifies any error that
exists on approach to a planet the guidance velocity require-
ments are sensitive to the size of the error and to the planet
at which it occurs. The objectives of the guidance analysis
were to determine realistic estimates of spacecraft propulsion
LV requirements, the method and accuracy of orbit determination,
and the trajectory selection., Two tracking modes were consider-
ed, one using an on-board planet tracker, as originally con-
sidered for the Mariner '69, and an alternative using earth
based radar tracking as is current practice,

The guidance requirements for the Grand Tour mission
are much more severe than for current missions although they
are not beyond the current state of the art. The total velo-
city corrections are given in Table S-2 and it can be seen

that interior ring passage missions are by far the more

demanding,
Table S-2
TOTAL GUIDANCE VELOCITIES FOR GRAND TOUR
1977 E 1977 1 1978 E 1977 1
On-Board Tracking (m/sec) 190 430 200 370
Earth Radar Tracking (m/sec) 450 1710 340 1010
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The orbit determinatrion process must extend well
into the planetary approach phase at lUranus and Saturn. Thus
some approach maneuvers must be made relati.ely close to the
planet. However, from the standpoint of positional error,
either tracking mode will provide accuracies within the
tolerances of the scientific experiments at each target
planet,

The largest 4V contribution occurs at the Uranus
encounter, The importance of this result is that if a problem
of fuel depletion occurs, it would be significant only at
Uranus and hence only the Neptune encounter need be sacrificed.
In the interest of minimizing tne guidance .V requirement
a strong case is made for an on-board planet tracking
capability.,

The scientific objectives for the Grand Tour mission
have been developed from the goal of understanding the outer
planets of the solar system. A systematic and logical pro-
cedure was adopted to identify the parameters of interest
(measurables) that should be measured at each planet, and
their relative values., Potential experiments were identified
for each of the measurables and the extent to which each
experiment could fulfill the objectives, given the flyby
profiles, was evaluated, By combining these two sets of resuits
it was possible to identify the relative importance of a

wide range of experiments to the goal and objectives of
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exploring the outer planets, A final rating for the
experiments was expressed in terms of value per pound to aid
the selection of typical payloads. The major results of this
evaluation are presented graphically in Figure S-1, The order
in which the experiments have been plotted was determined by
their relative values,

The highest priority scientific objectives were
reiated to the atmospheres of the outer planets, but the
highest priority experiments were related to particles and
fields, This resulted directly from the universality of these
experiments throughout the mission and hence their high
integrated total value, The value of the planetary experi-
ment:s is approximately equal at each target for all weights.
This results from the fact that all the flyby profiles are
similar in terms of their viewing of the light and dark
bemispheres of the planets. The major differences between the
planetary profiles are in miss distance, Overall there is a
clear scientific commonality between the targets. Further-
more, this commonality can be retained for both 1977 and 1978
opportunities and for the interior and exterior ring passages,
although the detailed experiment design specifications will
be different in each case.

Typical scientific payloads have been derived on the
basis of the experiment value curves shown in Figure S-1
and are shown in Table S-3. The "minimum" payload for which

the mission is considered worthwhile utilizes the first four
IIT RESEARCH INSTITUTE
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WEIGHT VALUE/LB
EXPERIMENT 55 ARB. BNITS DATA
M1 CROMETEORO 1D DETECTOR 2 124 NOMINAL
MAGNETOMETER PACKAGE 10 76 | bps
COSMIC RAY DETECTOR 2.5 66 NOMINAL
PLASMA PROBE 6.5 48 3 bps
21 31y ~ 5 bps
TRAPPED PARTICLE DETECTOR 5 4] o4 bpp*
POLARIMETER - PHOTOMETER 5 4| 105
IR, WAVE RADIOMETER 10 20 1ot
RF DETECTOR 5 Iy ot
46 430 5 bps + 105bpp
LOW RES. TV 10 12 2 x 108 bpp
NARROW UV PHOTOMETERS i5 9 1ot
OCCULTATION (DUAL FREQU.) 20 6 104
ABSORPTION PHOTOMETERS 28 5 1ot
MASS SPECTROMETER 10 5 NOMINAL
AIRGLOW PHOTOMETERS 8 4 103
137 471 § bps + 2 x 108 bpp
HIGH RES. TV 30 3 2 x 108 bpp
RADAR (10 cm) 20 3 108
HIGH RES. IR RADIOMETER 20 | 106
207 478 5 bps + 4 x 108 bpp

* bpp = bits per planet

TABLE S.3
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SELECTED PAYLOADS FOR GRAND TOUR
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particles and fields experiments., This weighs approximately
20 pounds and will acquire some 5 bits per second of data.,
A "small"” payload includes the first 8 experiments and is able
to include 4 planetary experiments with a relatively low data
requirement., The total weight is approximately 50 pounds,
The "medium’ payload includes television which adds some
2 x 108 bits to the data requirement. It was aiso possible
to include the next five experiments without adding markedly
to the power or data requirements. The payload weight is
approximately 140 pounds. Finally a "large" payload includes
all the experiments considered and weighs some 200 pounds.
These selected payloads are used to define a typical range
of total spacecraft weights and launch vehicle requirements.,
In terms of the total spacecraft weight there are
many Grand Tour mission options with diiferent mission
requirements, There are four selected trajectories, with

their quite distinct midcourse correction requirements,

depending on the tracking system used. There are four selected

payloads each with its own weight, power, and data bulk.
Rather than select a typical example, a matrix of spacecraft
w2ights is presented in Table S-4 which bound the variables
of the Grand Tour missions and launch vehicle capabilities.
These weight totd4ls are based on a brief analysis of the sub-

system requirements for communications, power guidance,

attitude control, sequencing and storage, thermal control, and

structure,
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From a total capability standpoint the exterior ring
passages are strongly recommended, and an on-board tracker is
the most effective tracking system. However for the exterior
passages, the differences are such that radar tracking could
be used as a back up, and only the Neptune intercept would be
lost if the on~board system failed, If it is important that
the same spacecraft design and launch vehicle be used at both
opportunities, the minimum vehicle would be a Titan III-D-
Centaur which has a capability for the exterior missions of
1900 1bs in 1977 and 1250 1bs in 1978, This will launch a
"medium"” payload with on-board tracking or a "small" payload
with radar tracking.

The recommended missions would utilize the 1977 and
1978 opportunities, use an on-board planet tracker, have a
payload in the 100 pound weight class, and require a total
spacecraft weight of some 1200 pounds. 1In the light of the
apparent tractability of all the subsystem requirements for
the Grand Tour mission, it is strongly recommended that con-
ceptual spacecraft designs be developed and that the complete
feasibility of the mission be verified.
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THE MULTIPLE QUTER PLANET MISSION (GRAND TOUR)

1. INTRODUCTION

In the late 1970's a unique opportunity to conduct a
grand tour of the outer planets will be possible utilizing
gravity-assisted swingbys of Jupiter, Saturn and Uranus to
achieve flyby missions of the planets and Neptune (Flandro
1966). A typical profile of this Grand Tour Mission is shown
in Figure 1.1. 1In concept the Grand Tour offers a very
significant exploration opportunity. For the investment of a
single launch to Jupiter, scientific experiments are potential-
ly possible at four outer planets., The most attractive opportun-
ities occur in 1977 and 1978 with total mission times on the
order of 9 to 12 years to Neptune. The opportunities offer a
saving in trip time over direct outer planet missions but are
rare in the sense that they will not reoccur until 2156 A.D.

In reality it is not obvious that the Grand Tour
is practical. It is quite possible that the flyby profiles
at each planet are so different as to demand different rather
than common experimental payloads. One of the most critical
aspects of executing the mission will be avoiding the rings
of Saturn. Both interior and exterior ring flybys of Saturn
have been considered (Silver 1967). It intuitively appears that
a heavy guidance and control capability may be necessary to

keep the spacecraft on course during the successive planet flybys.
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It was in the context of this potentially rewarding
mission concept, with many unknowns, that the Astro Sciences
Center of IIT Research Institute performed the '"Pre-Phase A"
Study reported here. The specific aims of the study were:

1, To determine the guidance requirements to
perform the mission.

2. To identify the scientific commonality between
the planets (Jupiter, Saturn, Uranus, Neptune).

3. To define "minimum" and "representative"
scientific payloads.

4. To estimate the launch vehicle requirements
to perform the mission.

The flow chart for the study is shown in Figure 1.2.
The trajectory selection exerts a strong influence on both the
guidance and the science raquirements in that it specifically
defines each flyby profile. The sensitivity of the trajectory
to guidance errors, and therefore the probability of completing
all swingby maneuvers, is also dependent on the particular
trajectory considered. Section II of this report presents
four specific trajectories and the rationale for their
selection. The four trajectories are designated exterior and
interior Saturn Ring passages in 1977 and 1978 (1977 E, 1977 I,
1978 E, and 1978 I). By way of example Figure 1.3 shows the
encounter profile at each of the planets for the 1977 E Grand

Tour Mission.
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Section 3 describes the orbit determination analysis
and the guidance requirements associated with each of the four
selected trajectories. 1In defining the guidance velocity
requirements both radar tracking from earth and on-board
planet tracking (such as was proposed for Mariner '69) were
evaluated,

Section 4 presents an evaluation of the scientific
objectives for exploration of the outer planets. A method
is presented which allows the relative priority of all the
relevant scientific objectives to be assessed at each of the
outer planets. These objectives are then considered in
Section 5 together with the actual flyby profiles, and with
available flyby measuring techniques, to select mission pay-
loads. The results for each potential experiment are expressed
in terms of value per pound at each target. A total of four
representative payloads have been selected on the basis of
this e 1luation,

Section 6 discusses the major mission requirements
which have resulted from the trajectory, guidance and payload
analyses. Sample spacecraft weight breakdowns are presented
as a guide to the identification of the launch vehicle re-

quirements.
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The study has provided a much better understanding
of the mission requirements for the Grand Tour Mission. In
particular guidance and experiment analyses had not been

performed to this level prior to this study.
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2, TRAJECTORY ANALYSIS AND SELECTION

The trajectory cf an interpianetary spacecraft can
be altered significantly 1f the spacecraft passes near a
planetary body. This perturbation effect, due to the planet's
gravitational field, is often referred to as a ''gravity
assist." When properly designed, a gravity assist can be used
to modify the heliocentric trajectory in a desired manner.
For example, the trajectory may be deflected to intercept
another target planet at a later time. The technique of
gravity-assisted or planetary-swingby trajectories has been
studied extensively during the past several years (Minovitch
1963) and (Niehoff 1965). A number of studies have shown

the advantage in reduced launch energy and trip time that

accrues when this technique is employed for multiple~target
missions in solar system exploration (Niehoff 1966) and
Sturms 1967). This report is concerned with the "Grand Tour"
mission, i.e., the successive swingbys of the Jovian or outer
planets -- Jupiter, Saturn, and Uranus, with Neptune being

the final target,

2.1 Principle of Planet Swingby

Viewed on a heliocentric scale, the result of a
gravity assist is to change the spacecraft's velocity vector
between the time that the spacecraft enters and leaves the
planet's sphere of influence (see Table 2.1). Since this

11T RESEARCH INSTITUTE




Table 2.1 PLANET SPHERE OF INFLUENCE*

Planet Radius Sphere of Influence
EARTH 6,378 knm 0.925 x 10° xnm
JUPLTER 71,375 48.1 x 10°
SATURN 60,500 54.6 x 10°
URANUS 24,850 51.7 x 10°
NEPTUNE 25,000 86.1 x 10°

‘*Sphere of influence is defined as that distance
from the planet where the perturbative forces
due to the Sun and the planet are equal:

R - [mass of planet 2/5 x [mean distance of
sphere mass of Sun planet from Sun

i HT RESEARCH INSTITUTE
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time is relatively short compared to the interplanetary travel
time, the planet's orbital velocity may be considered approxi-
mately constant. Furthermore, the spacecraft's motion with re-
spect to the planet approximates a hyperbola. Figure 2.1
illustrates the geometry of the hyperbolic flyby.

The spacecraft approaches the planet initially along
one asymptote of the hyperbola with velocity yhl' This
asymptotic approach velocity is defined as the vector difference
between the heliocentric velocity of the spacecraft and that

of the planet,

th = Y1 - Yp (2.1)

both of which are assumed determined at the nominal time of
encounter. The gravitational attraction causes the planeto-
centric trajectory to bend through a rotation ¥ which is the
turning angle between the approach and departure asymptotes.
The asymptotic departure velocity, Vip» is equal in magnitude
to Vy; but differs in direction. With reference to helio-

centric coordinates, the changed velocity is now given by

s o

the vector addition.

V, differs from ¥; in both magnitude and direction, the former
reflecting a change in the energy of the heliocentric trajectory.
In the case of successive swingbys of the outer planets, each
swingby trajectory takes place along the trailing edge of the

planet's motion, i.e., behind the planet as seen from the Sun.
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Hence, the heliocentric energy is increased by the gravity
assist. Conservation of energy is preserved, of course, since
the planet looses orhital energy in the gravitational exchange.
However, this point is strictly academic inasmuch as the
gravitational attraction of the massive planet by the spacecraft
is negligible,

For a given gravity assist planet, the asymptotic de-
parture velocity can be shown to depend on the approach veiocity
and the aim point parameters, The latter is expressed by the
asymptotic miss vector B which is referred to the STR coordinate
system of Figure 2.1. By definition, the target plane (T-R)
passes through the planet's center and is perpendicular to the

direction of the approach asymptote S (a unit vector).

Yhi

s = T ecliptic reference (2.3)
ahll
Sxk

T = (2.4)
S x_gl

R = S§xT (2.5)

with k being a unit vector perpendicular to the ecliptic

plane, T is defined as a unit vector perpendicular to S,

and also parallel to the ecliptic. The vector B, from the
planet center perpendicular to the approach asymptote, lies

in the target plane with components
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(B + I) = bcos 3§
(2.6)
(B * R) = bsiny
where b = "gl is the miss distance (here, miss distance is

a trajectory design parameter not to be confused with a
guidance error Ab).

Several important conic formulas relating the

swingby parameters are

Hyperbolic velocity: ‘-hll I h2| 2.7)

Periapse distance: r§ +,25 r = b2 (2.8)
V.
h

cos ¥ = —ZT—'-—Z (2.9)

Departure velocity vector:

Vy, sin ¥
Vipg = VY cos ¥ - r— B (2.10) N .

3 ,

where y is the planet's gravitational constant (195-2 which ;
sec 1

is proportional to the planet's mass. Several comments j

can be made about the general effects of the above equations.

s |

(1) The periapse (closest approach) distance
is always less than or equal to the g‘;
asymptotic miss-distance. The difference o

between these quantities will decrease as !

p decreases or as V, increases.
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(2) The turning angle can vary between 0°and
180”. Turning angle will increase as B
increases, or as b decreases, or as Vh

decreases.

2,2 Launch Opportunities

Practical launch opporturities for the Crand Tour
mission are dictated by the relative orientation of the outer
planets. The appropriate phase angle relationship reoccurs
approximately once every 179 years. This long period is
fixed largely by the synodic period c¢. the two outermost
planets considered in the combination, Uranus .nd Neptune
have a synodic period of about 171.4 years. Once the proper
phasing does occur, however, several consecutive launch years
are available because of the slow motion of the outer planets.,
The next opportunity occurs during the period from 1976 to
1980. Launch windows in each of these years are approximately
13 months apart.

Previous trajectory analyses of the Grand Tour
were helpful to the present study in that launch windows
and velocity requirements were fairly well delineated (Flandro
1966) and (Silver 1967). These results allowed one to readily
identify the best opportunities, and to minimize costly

trajectory search computations.
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The bar chart of Figure 2.2 shows the range of
ideal launch velocities* and trip times to Meptune for five
launch opportunities in the period 1976-1980. It is seen
that ideal velocity generaily increases with each successive
launch year, whereas the trip time tends to decrease. In
any given year, the faster trip times correspond to the

higher launch velocities. Overall, the potential Grand Tour

missions cover the range of velocities 51,400 to 60,700 ft/sec,

and the range of trip times 8.1 to 12.8 years,

Another important parameter of the Grand Tour
trajectories is the pericenter of closest approach distance
at each planet. 1In the case of Jupiter, which moves faster
than the other planets, the variation of pericenter distance
with the launch year is quite large. A spacecraft launched

in 1976 will pass very close to Jupiter (1.02 - 1.50 Jupiter

*Ideal velocity (in ft/sec) is that velocity required by

a launch vehicle to achieve a given hyperbolic excess
velocity (VHL) beyond Earth escape from a 100 n. mile
parking orbit, assuming gravitational and frictional

losses of 4000 ft/sec.

| 2 2 11/2
Vi = {(VHL) + (36,178) ] + 4000 ft/sec
]1/2

= 3280.8 [03 + 121.5964 |
j

where VHL is hyperbolic excess velocity in ft/sec

+ 4000 ft/sec

2
C3 is injection energy in (—kgl—— \

sec |
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radii). Later flights in 1979 and 1980 have very large
pericenter distances (30-70 Jupiter radii). Although close
flybys of Jupiter may be desirable from a science experiment
standpoint, several disadvantages of the 1976 opportunity are
worth noting. These are: (1) long trip times, (2) equipment
shielding penalty due to Jupiter's radiation belts, (3) high
guidance requirement, and (4) an earlier spacecraft develop-
ment and flight program. The disadvantages of the later
launch opportunities are clearly the high launch velocities
required and the large passing distances at Jupiter.

On the basis of the above preliminary results and
arguments, it was decided that the best launch opportunities
for the Grand Tour mission occur in 1977 and 1978. Accordingly,

this study was aimed at these two consecutive launch years.

2.3 Method of Trajectory Analysis

The various stages in the trajectory analysis are
described by the block diagram shown in Figure 2.3. A
computer program based on conic trajectory approximations was
employed to generate the large amount of data representing
potential Grand Tour trajectories throughout the launch
opportunities, Trajectory selections were then made from the
data map after imposing several conditions of constraint which
define the regions of practical trajectories. The final stage
in the analysis employs an N-BODY numerical integration
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targeting program to check the validity of the conic results,
and to generate the partial derivative (sensitivity) matrices

needed for the guidance analysis. casy

2.3.1 Conic Analysis

Trajectory data was obtained from the Space Research
Conic Program (SPARC) developed at JPL for investigations of
multiple planet missions (Joseph 1965). The inputs to this
program are speci.ied values of the Earth-launch date and in-
jection energy C3. Using a matched conic approach between the
successive heliocentric trajectory legs, a search is made to
find the appropriate Earth-Jupiter transfer which results in
subsequent planetary swingbys and finally Neptune encounter.
The matching process insures equal magnitude of the approach
and departure hyperbolic velocities at each swingby planet,
All heliocentric trajectory legs were restricted to Type I,
Class I transfers* in order to achieve th. ‘thortest possible
flight times. Mean orbital elements of the j;ianets were used
to obtain the planetary positions and velocities at the

encounter times.

x*
TZpe I trajectories have a heliocentric transfer angle less
than 130°, whereas Type 11 trajectories traverse more than
18G°. For either Type I or Type 1I, Class 1 trajectories have
a sTaller heliocentric transfer angle than Class II trajec-
tories.
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In operation, potential Grand Tour trajectories are
obtained over a range of launch dates and injection energy
(ideal velocity). For each trajectory, the computer program
printout includes defining parameters of the geocentric and
planetocentric hyperbolas, planet encounter dates, elements
of the heliocentric transfer legs, and orientation angles of
the Earth, Sun and Canopus as seen by the spacecraft at the
encounter times., Trajectory data is obtained over a sufficient-
ly fine grid of input variables to allow the use of cross-
plotting techniques in the trajectory selection stage of the

analysis,

2.3.2 NBCDY Targeting Analysis

The NBODY Targeting Program indicated in Figure 2.3
was developed at IITRI as a modification of the Lewis Research
Center NBODY code (Strack 1963). Becavse of the single
precision arithmetic of this program and the high trajectory
sensitivity of the Grand Tour, it was uot possible to target
a continuous trajectory from Earth to Neptune. In fact,
attempts to target two legs at a time (e.g., Earth-Jupiter-
Saturn) were not too satisfactory, although near convergence
was obtained. The method adopted in this study was to target
one leg at a time working backwards from the Uranus-Neptune
leg and successively matching the arrival and departure target
vector at each planet, This procedure is initialized with

the conic trajectory parameters obtained from the SPARC program.

JIT RESEARCH INSTITUTE




It should be made clear that the procedure of
targeting each individual leg separately does not yield a
continuous trajectory from Earth to Neptune. The discontin-
uity appears as a target plane velocity difference between
the approach and departure trajectories. This is due to the
fact that no attempt was made to converge on velocity but
only on the miss vector B and the time of encounter. Generally,
the conic and NBODY results are in excellent agreement for
any one trajectory leg. On the basis of this result, it is
expected that the conic trajectory data is sufficiently valid
for preliminary mission analysis. Some results of the NBODY
Targeting Program are described in the Appendix to this

section of the report.

2.3.3 Conditions of Constraint

Four constraints are imposed on the trajectory
selection process. Clearly, the "hard" constraint is that
the point of closest approach at each swingby planet must be
above the planet's surface. This applies initially to the
nominal trajectory conditions, but the question of guidance
accuracy must be factored in at a later stage in the analysis.
Guidance accuracy is the dominant factor in selecting the
nominal aim point at Neptune, which otherwise might be chosen
arbitrarily since Neptune is the final target.

11T RESEARCH INSTITUTE
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Another constraint is that the declination of the

geocentric departure asymptote be limited to about 34°, Lower

declinations provide launch azimuths within ETR range safety
limits, thus avoiding costly dog-leg maneuvers during ascent
to Earth orbit. Also, early orbit determination accuracy is
enhanced if the declination is not too large.

To avoid a communications problem caused by solar

activity interference, it is desirable that the planet not be

behind the sun at the time of encounter. That is, the earth-
Sun-planet angle at plamet encounter should be somewhat re-
moved from 180° (superior conjunction). A third constraint
on the trajectory selection process, then, is a set of
conjunction bands of + 10 days (+ 10°) for each planet en-
counter,

The fourth, and major, constraint is the apparent
necessity of avoiding passing through the Ring of Saturn.
Lying in Saturn's equatorial plane, the Rings extend from
about 11,500 km to 76,500 km above Saturn's surface. The
inclination of the spacecraft's swingby trajectory to the
Ring plane is about 30° for the Grand Tour mission. The
relative velocity between the spacecraft and Ring particles
is about 12 km/sec as an average, and the compoﬁent of the
spacecraft's velocity normal to the Ring plaﬁe is also about

12 km/sec.
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There is great uncertainity in the present know-
ledge of the Ring density and thickness. An estimate of the
upper limit on density based on a gravitational stability
analysis is 0.06 g/cm3 (Cook 1965) but the actual
depsity may be more than an order of magnitude lower. Earlier
estimates of Ring thickness have an upper limit of about 10 km.
However, a more recent analysis of observations fitted to a
theoretical physical model indicates that the Rings may only
be 10 cm thick (Franklin 1965).

A parametric analysis was performed assuming the
average particle radius (rp) to range from 0.01 cm to i00 cm,
and the average particle density (pp) to range from 1 g/cm3
to 8 g/cm3. It can be shown that the number of collisions (C)
and the mass encountered (M) per unit spacecraft area are

given by the following equations:

v

Vn nrlz) m ‘ ,
v o=[B)[& ., )| x10! X5 (2.12)

vyl \ 3 PP m T ‘ ,5

where VR is the relative velocity between the spacecraft and
the Ring particles (~ 12 km/sec) and VN is the spacecraft's
velocity component normal to the Ring plane (~ 12 km/sec).
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The normalized optical thickness of the Rings, r, is
assumed to be unity which is the maximum experimentally

determined value. The following table lists several values

of C and M,
o T
p !
- 1 g/cm3 : 8 g/cm3
| p
]
,- ) c = 3.2 x 107 coll ¢ = 3.2 x 107 coll
' g m2 m2
0.01 cm
. M = 0.134 X8 M = 1.07 X8
m2 mz
| | c = 0.32 50l c - 0,329
i % m m
100 cm
M = 1340 X8 M = 10,700 X8
2 2
i

Since the mass that would be encountered by a spacecraft is
estimated to be in the range 0.1 kg/mz to 10,000 kg/mz, it
would appear that the Grand Tour trajectory should not pass |

through the Rings of Saturn.
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2.4 Descriptive Trajectory Data

Launch opportunities for the Grand Tour in 1977
occur over a two to three week period in August-September of
that year. A similar period 13 months later occurs during
September-October in 1978. 1In this sectiom of the report,
certain characteristic trajectory parameters obtained from
the SPARC computer runs are presented for these two launch
years., Consideration of constraint conditions is deferred
to the next section.

Figure 2.4 shows curves of ideal launch velocity
in 1977 plotted on a grid of Jupiter arrival date (Julian
Date) versus Earth launch date. Every point on the grid
represents a potential Grand Tour trajectory to Neptune with
swingbys at Jupiter, Saturn and Uranus. In selecting the
range of design trajectories throughout a launch window, it
is helpful to fix the Jupiter arrival date at some specified
value. Therefore, the Jupiter arrival data is a convenient
independent variable for representing other key trajectory
parameters., The velocity curves are actually closed contours
although this is not shown in the figure. In other words,
for a given launch date and velocity, there are two possible
Jupiter arrival dates. The later date corresponds to a Class
II trajectory which has a significantly longer flight time.
It is recalled that the Class II trajectories are not

IIT RESEARCH INSTITUTE
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considered in the study. The minimum energy trajectorwv

(Type 1) has a launch date of Sept. 5 1977 and a Jupiter arrival

date of Oct. 24 1979 (2444170). The corresponding minimum
ideal launch velocity is 51,500 ft/sec.

Figure 2.5 shows the declination of the geocentric
departure asymptote. This parameter is seen to be in the
range 23° - 36° for the 1977 Grand Tour, The higher declina-
tions are associated with lower values of launch velocity.

The minimum flight time to Jupiter is plotted as a
function of launch velocity in Figure 2.6. This curve is
obtained from the minimum points of the velocity contours of
Figure 2.4, Flight time to Jupiter varies from 460 to 669
days as the ideal launch velocity decreases from 56,00C to
52,000 ft/sec.

Three additional descriptive parameters of the
Grand Tour are the trip time, pericenter distance and hyper-
bolic approach velocity at each planet encounter. This
data is plotted against the Jupiter arrival date in
Figures 2.7 to 2.9. The curves shown are specifically for
the optimum launch date, i.e., the minimum launch velocity
for each value of Jupiter arrival date, Although there is a
variation of the parameters with launch date, this variation
is quite small for Grand Tour trajectories. Hence, when
plotted against Jupiter arrival date, this form of data

compression is quite representative of all trajectories

throughout the launch windows.
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FIGURE 26 MINIMUM FLIGHT TIME TO JUPITER, 1977 GRAND TOUR
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It is seen that the closest approach distance is
largest at Jupiter and smallest at Saturn. Closest approach
at Neptune is not shown since it is arbitrary and will be
chosen by the selection process described later. Another
important characteristic is that the closest approach at each
swingby planet increases as the trip time increases (or, as the
launch velocity decreases). The largest variation sccurs for
Jupiter (3-12 Jupiter radii), and the smallest variation for
Saturn (1-2.7 Saturn radii).

Along a given trajectory, the approach velocity
is found to increase at each successive planet encounter. Also,
as the trip time increases, the approach velocity at each
planet decreases. The velocity variation over the range of
trajectories shown are 7.7-13.4 km/sec (Jupiter), 10.5-18.2
km/sec (Saturn), 14.5-22.8 km/sec (Uranus), and 16.3-25.3 km/sec
(Neptune).

The above results have described the 1977 Grand
Tour opportunity. Similar data is presented for the 1978
Grand Tour in Figure 2.10 to 2.14.

2.5 Trajectory Selections

The constraint conditions discussed previously
are first applied to select trajectories for the 1977 launch
opportunity. Figure 2,15 shows the constraint regions of
the surface and Rings of Saturn projected onto the basic

trajectory selection grid of Jupiter arrival date versus

1iT RESEARCH INSTITUTE
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Earth launch d2te, Also shown is the constraint region
corresponding to launch declinations greater than 34°,
Saturn's surface is the governing "hard" constraint of Grand
Tour trajectories in 1977 and 1978. That is, the surface con-
straint boundary of Jupiter and Uranus lies below that cf
Saturn. The Cassini Gap between Ring's A and B is about

4000 km wide and offers a potential, but somewhat daring,
trajectory selection. Some level of material density below
that of the Rings proper is likely to exist in the Cassini
Gap.

Figure 2.16 shows the constraint regions imposed
by the + 10 day Earth-planet conjunctionbands. In cases
where the conjunction bands of two planets overlap, only a
single constraint region is shown. For a given planet, the
real time difference between successive conjunctions is about
one year - approximately the synodic period between Earth
and the outer planets, Of course, when projected onto a grid
of Jupiter arrival date, this difference contracts for Saturn,
Uranus and Neptune. Also, on this grid, the frequency of
conjunction is highest for the outermsst planet.

Figure 2.17 combines the four constraint conditions
and again shows the launch velocity contours. A launch
window of about 20 days is thought to be a reasonable require-
ment for this mission. To minimize the launch velocity
spread throughout the window it is desirable that the center
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of the window lie near the optimum launch date. .learly, then,
the constraint regions leave little room for = .lecting trajec-
tories. Two types of trajectories are selected and designated

by their principal characteristics:

(1) Exterior Ring Passag~ - a trajectory passing through

the Saturn Ring plane at a distance above the

outer Ring bowvndary.

(2) Interior Ri-g Passage - a trajectory passing

through Iie Saturn Ring plane at a distance
betwe¢:. the surféce and the inner Ring
E.uadary.

A third trajectory selection passing through the
Cassini Gap in the Rings is also indicated on the graph.
He'rever, because of the unknown material density in the Gap
this trajectory could be risky. Since data for this
trajectory would be bounded by the other two trajectory types,
the Cassini Gap passage will not be considered further in
this report.

On the question of Ring density, there is certain
to be found some particulate matter outside of the visible
boundaries of the Rings. For this reason it is best to
choose an Exterior trajectory sufficiently above the visible
boundary of Ring A. The trajectory selection shown in Figure
2.17 passes about 20,000 km outside of this boundary.
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There remains the task of selecting the Neptune
encounter conditions. The selection is made on the basis of
the 3 o guidance error dispersion ellipse such that Earth
occultation is obtained but not Canopus occultation, From
the guidance analysis, it is estimated that 3 og.T X 3 OB«R
is 45,000 x 39,000 km for the Exterior Ring Passage and
38,000 x 36,000 km for the Interior Ring Passage. Figures 2,18
and 2.19 illustrate the nominal aim point selection for these
two trajectories. The selection graphs show the occultation
zones of the Earth, Sun and Canopus plotted in target plane
coordinates., The occultation boundary (from the exact
moment of occultation) has been specified as 0°, 5°, and 20°
respectively, for the Earth, Sun and Canopus.

Figures 2,20 to 2.24 illustrate the selecticn
process for the 1978 launch opportunity. Descriptive param-
eters of the four trajectory selections (1977-E, 1977-I,
1978-E, 1678-I) are listed in Table 2.2. Interior Ring
Passages are characterized by faster trip times and closer
flyby distances, but require higher launch velocities
than the Exterior Ring Passages and also have higher approach
velocities. Launches in 1978 allow somewhat shorter trips at
the expense of higher launch velocities, but pass Jupiter
at much greater distances than do trajectories in 1977. The
implication of these comparative characteristics will be
more fully discussed in the later sections on guidance,

scientific payload selection, and mission requirements.
1T RESEARCH INSTITUTE
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It is of interest to know the variation of trajectory
parameters throughout the 20 day lauanch window. Figures 2.25
and 2.26 show the launch window energy requirements for the
1977 and 1978 Grand Tour. It has been found that planet
encounter parameters vary iittle over the window. This 1s
shown, for example, by Tabie 2,3 which lists several key

parameters of the 1977-E trajectory.

2.6 Planet Encounter Profiles

Several fixed parameters of the planet encounter
trajectories have been given in Tabie 2.2. Since the Grand
Tour missic:. is planet oriented, the time history of certain
variables of motion during the encounter phase is of general
interest, and is also necessary to the proper selection of
scientific payloads. 1In this section, the dynamical profiles
of each planet encounter are illustrated for the 1977-E and
1977-1 trajectories.

Profile data was obtained from a computer program
(PROFYL) developed for this study. The PROFYL output is of
two kinds:

(1) A summary table of the occultations of the
Earth, Sun and Canopus, and the crossing of
the sub-satellite point over the Sun terminator
line. Associated with each of these points
is the time and radius of occurrence.
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(2)

Position dependent data of selected dynamic
variables such as time-to-periapse, altitude,
ground speed, etc. True anomaly is used as
the independent position variable because of
its relative uniformitv over different planet
encounters.

ORI < C I .- R )

ot

Graphical presentation of the profile data is given
in Figure 2.27 to 2.39 for the 1977-E mission, and in
Figures 2.40 to 2.52 for the 1977-1 mission. The type of

s B B e B e B s B S WS R

Iy
L s

information displayed is as follows:

(1) Pictorial trajectory in plane of motion
(2) Time-to-periapse versus true anomaly
(3) Altitude versus true anomaly
(4) Sun elevation versus true anomaly
(5) Scan rate versus true anomaly !
(6) Percent of "visible" hemispheric surface
versus true anomaly
(7) Ground trace (latitude, longitude) of sub-

Sun elevation refers to the angle of the Sun above the local
horizontal at the subsatellite point. Scan rate is the

ground speed of the spacecraft with respect to the planet's
surface, and hence, includes a component of the planet's
rotational velocity. The equator of the planet is the reference
plane for the ground trace plots. Here, longitude is a relative
coordinate since the zero longitude line is arbitrarily defined

3‘5' at initiation of the PROFYL data sequence. ‘

satellite point.
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3. GUIDANCE ANALYSIS AND REQUIREMENTS

The so-called "free" energy addition and velocity

deflection available from an unpowered planetary swingby is,

in reality, obtained at some expense to the spacecraft guidance

(propulsion) system, Intermittent velocity corrections are
required to compensate for a number of trajectory error
sources. Since the trajectory error sensitivity is quite
severe in the case of the multiple swingby Grand Tour, the
guidance considerations are of major importance to the mission
designer,

Error sensitivity of the aim points between succes-
sive target planets is shown in Table 3.1 for the two trajec-
tory selections in 1977, It is noted that the trajectory
passing inside of Saturn's Rings is about 3 to 4 times more
sensitive to errors than the trajectory passing outside of
the Rings. It may be expected, then, that the Interior Ring
Passage Mission will incur a higher guidance AV penalty. For
either trajectory, it is found that the Saturn~Uranus leg
and the Uranus-Neptune leg have nearly the same sensitivity,
but that the sensitivity of the Jupiter-Saturn leg is more
than an order of magnitude smaller. Accordingly, the AV
requirement at Jupiter encounter may be expected to have
a relatively small contribution to the total AV.

As an exémple of the "astronomical' error that
would result if no cnrrective guidance maneuvers were made,

consider the least sensitive of the two trajectories.
11T RESEARCH INSTITUTE
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TABLE 3.I
GRAND TOUR TRAJECTORY SENSITIVITY
AB = ERROR IN AIM POINT AT TARGET PLANE
1977-E 1977
AB
| Banm g e M
; BB yupiTER KM
! B8 upanus = 5600 - 17,000 M ‘
i BB SATURN KM )
| OB NEPTUNE = 4,500 - 20,000 )
§ 8B yranus KM |
1
1
; ]
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The error at Neptune may be estimated by multiplying together

the intermediate sensitivities. Thus,

AB
—_Neptune _ ,00 x 5600 x 4500

ABJupiter
~ 1010 km
km

To make matters even worse, the error at Jupiter will certain-
ly be several orders of magnitude greater than 1 km, Clearly,
multiple trajectory corrections earo.te will be requifed
to insure success of the Grand Tour Mission,

Guidance maneuvers will be specified on both the
approach and departure legs of the swingby trajectory at
each intermediate planet. Using the Saturn encounter as an
example, Figure 3.1 illustrates the guidance policy and the
factors of influence. The approach maneuver is necessary to
reduce the target errors due to (1) AV execution error at
the previous planet departure, (2) orbit determination errors
at that time, and (3) planet ephemeris errors. The departure

. maneuver is necessary to compensate for the magnification

effects of the gravitational swingby on the orbit determina-
tion error which exists .at the time of executing the final
approach maneuver. .

. Objectives of the guidance analysis are (1) to
obtain an understaﬁdihg of the guidance éroblem in terms of

" its factors of influence, (2) to determine realistic estimates

1IT RESEARCH INSTITUTE
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of the spacecraft propulsion system (AV) requirements, and

(3) to ascertain the tradeoffs available betwaen the AV

requirements, the method and accuracy of orbit determination,
and the trajectory selection. Standard methods of differential
trajectory correction and statistical covariance analysis are
employed in deriving the guidance results, A comparisoh is

made of two instrumentation systems for plamet approach

to .-_...."l. [—1 M

orbit determination, namely, Earth-based radar tracking and

on-board celestial tracking,

C

3.1 Orbit Determination Analysis

==

For a given trajectory selection, the guicdance

AV requirement is most deperdent upon the accuracy of orbit

".E 4

determination of the spacecraft relative to the swingby

=

planets. This is so because the departure maneuvers,

especially at Saturn and Uranus, are found to be the largest :

=

contributors to the total AV. A major ph~:e of the present

study was therefore concerned with obtaining reasonable

—_

estimaies of the orbit determination errors.

At planet approach (sphere of influence), the

gt

a priori uncertainty in the miss vector is due to the planet

Fusenrrony
[Ep— |

ephemeris error and the error remairing after tracking the

spacecraft throughout the previous midcourse phase.. Re--

i

duction of the a priori uncertainty can be accomplished

L |

by continued tracking during the approach phase. The

[
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degree of reduction attainable will depend upon the type
of tracking system employed and upon the instrumentation
errors. Two such systems are postulated for study. The first
is Earth-based radar tracking (e.g., DSIF) which is currently
the only system in actual use for deep space probes. It is
assumed that Earth-based tracking will be the primary or only
technique used during midcourse tracking of the Grand Tour.
The data type assumed is sampled doppler, or, equivalently,
range-rate measurements, Any improvement in orbit determina-
tion by continued radar tracking during planet approach must
rely ou the inherent trajectory kinematics, i. e., the effect
of gravitational bending as reflected in the doppler residuals.
Generally, this effect is not very significant at large range
from the planet.

The second tracking model assumes an on-board
celestial system, e.g., sun sensors, a Canopus tracker and a
planet tracker. It is likely that the sun sensors and Canopus
tracker will be on-board in any case for attitude control
purposes through the flight. The additional instrument then
is the planet tracker which would be operational only in the
planetocentric region., The celestial data types are the
directional angles of the planet as seen from the spacecraft.
In contrast to Earth-based tracking, the on-board system

need not rely on the gravitational bending effect since

IIT RESEARCH INSTITUTE
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direct reference is made to the planet. This offers the po-
tential for more accurate orbit determination earlier in the
approach phase.

With reference to Figure 3.2, two separate computer
programs were developed to evaluate the performance of each
tracking system. In each case, the trajectories are modeled
as hyperbolic conics, analytical partial derivatives are
derived from the conic formulas, and the motion and measure-
ment variables are referred to the planetocentric STR
coordinate frame. Since the various error sources are best
described in a statistical manner, the approach taken is to
compute the error covariance matrix associated with esti-
mating the target parameters. Optimal statistical filtering
of the tracking data is assumed for the analysis. Both the
Kalman filter and Weighted Least-Squares algorithms (for
covariance computation) are available as options to each
program. It was found that each algorithm gives approxi-
mately the same results, Generally, however, the Kalman
approach was used for celestial tracking, and the Least-
Squares approach was used for radar tracking. Further details
of the analytical basis for the two programs are given

elsewhere (Friedlander 1967) and (Gates 1964).
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3.2 Trajectory Correction Analysis

The NBODY Guidance Program illustrated in Figure 3.2

r— ] 2SS >0

is simply a set of subroutines of the Targeting Program which

compute the necessary partial derivative matrices along the

b

nominal trajectory legs, and also the covariance matrices

g o